The mode of action of the hormone of the adrenal cortex necessary for life has been the subject of much discussion. Among the prominent hypotheses for explaining the symptoms of adrenal cortical insufficiency are loss of sodium and chloride with accompanying changes in the distribution of body water (1, 2, 3); toxic effects of potassium (4, 5, 6, 7) ; disturbance in the distribution of body water not clearly related to loss of sodium or retention of potassium (8); and disturbances in metabolism or carbohydrate (9). Since it seems, at present, bootless to attempt to relate the anomalies in carbohydrate metabolism to the disturbances in metabolism of water and electrolyte, this aspect of the function of the adrenal cortex will not be discussed. The present investigation was undertaken to determine by tissue analyses the actual distribution of water and electrolyte in the tissues of adrenalectomized rats in relation to the toxic action of potassium and the therapeutic effect of sodium salts.
THE DISTRIBUTION OF BODY WATER AND ELECTROLYTES IN ADRENAL INSUFFICIENCY'
BY HAROLD E. HARRISON AND DANIEL C. DARROW (From the Department of Pediatrics, Yale University School of Medicine, New Haven) ( Received for publication September 17, 1937) The mode of action of the hormone of the adrenal cortex necessary for life has been the subject of much discussion. Among the prominent hypotheses for explaining the symptoms of adrenal cortical insufficiency are loss of sodium and chloride with accompanying changes in the distribution of body water (1, 2, 3) ; toxic effects of potassium (4, 5, 6, 7) ; disturbance in the distribution of body water not clearly related to loss of sodium or retention of potassium (8) ; and disturbances in metabolism or carbohydrate (9) . Since it seems, at present, bootless to attempt to relate the anomalies in carbohydrate metabolism to the disturbances in metabolism of water and electrolyte, this aspect of the function of the adrenal cortex will not be discussed. The present investigation was undertaken to determine by tissue analyses the actual distribution of water and electrolyte in the tissues of adrenalectomized rats in relation to the toxic action of potassium and the therapeutic effect of sodium salts.
EXPERIMENTAL PROCEDURE
Healthy male albino rats weighing approximately 200 grams were adrenalectomized under ether anesthesia via the usual lumbar route. The majority of the animals were fed a low potassium diet of the following composition: lactalbumin 15 per cent, sucrose 25 per cent, dextrin 32 per cent, crisco 22 per cent, cod liver oil 1 per cent, yeast powder 2 per cent, bone ash 2 per cent and NaCl 1 per cent. One group of animals was fed a ration containing 1.5 grams of K,HPO, per 100 grams of the above diet. Diet 1 on analysis, was found to contain 0.03 per cent potassium whereas Diet 2 contained 0.7 per cent potassium. The animals were given distilled water, and the food and water intakes were measured daily.
The adrenalectomized animals were divided into groups and treated as follows. The animals of the first group were sacrificed when symptoms of severe adrenal insufficiency were manifest. The time of onset of symptoms was exceedingly variable on Diet 1 so that the rats could not be sacrificed at stated intervals after operation if comparable results were to be obtained. The symp-toms used for the diagnosis of adrenal insufficiency were anorexia, loss of weight, bloody nasal discharge, diarrhea, muscular weakness and finally, marked diminution of the intake of water. It was found that the rats almost invariably died within 24 hours after they ceased drinking, so that it was possible by waiting for this symptom to obtain a series of animals for analysis in a similar state of severe insufficiency. The animals of the second group were allowed to reach the same stage of adrenal insufficiency as those of Group 1 and were then treated by intraperitoneal injections of a potent adrenal cortical extract. 2 The amounts given were sufficient to cure the symptoms although the animals were fasted and given no sodium except that contained in the extract used. These rats were sacrificed at 24 and 48 hour intervals after therapy was instituted. The animals of the third group when in a similar state of adrenal insufficiency were treated by daily intraperitoneal injections of 10 cc. of a solution containing 250 mm. NaCl and 50 mm. NaHCO, per liter. This treatment was continued until symptoms of insufficiency disappeared and the animals were thought to be in normal condition again. The animals were then sacrificed. These rats received no cortical extract. The control animals were male rats from the same colony and of the same weight as the adrenalectomized rats. Since rats developing adrenal insufficiency refuse to eat, the control animals were likewise fasted before being sacrificed. A number of animals were treated as controls of caloric intake by giving only as much food as the adrenalectomized rats ate. This procedure was found unnecessary, however, and subsequent controls were uniformly fasted for 7 days and then sacrificed for analysis. A number of intact animals were also fed both the low and the high potassium diets and then analyzed. These showed no differences and served as fed controls.
METHODS OF ANALYSIS
Since sufficient blood and tissue for a complete analysis could not be obtained from a single rat, the animals were pooled for analysis into groups of 2 to 4 animals. The rats were etherized and as much blood as could be obtained was withdrawn from the abdominal aorta without exposure to air. A portion of the blood was collected in a bottle containing potassium oxalate to prevent clotting, while the remainder was allowed to clot, centrifuged, and the serum separated. Immediately after sacrificing the animals, the livers were removed and a sample of muscle was dissected off rapidly and freed of fat and connective tissue. The skin was removed in toto and the remainder of the carcass treated separately. All of the tissues were put into covered receptacles, weighed and then placed in an oven at 105°C. and dried until constant weight was attained.
The dried tissues were ground to a powder in a small food chopper. The dried powdered tissues were kept in glass stoppered flasks and aliquots taken for analysis.
One cubic centimeter samples of serum were accurately weighed in platinum dishes and the water content obtained by drying 24 hours in an oven at 1050 C. The dried residue was ashed in a furnace at 5000 C. for 2 hours.
Serum chloride was determined by the method of Van Slyke and Sendroy (10) . The tissue chloride was determined after ashing the material at 4500 C. in the presence of a large excess of sodium carbonate. The ash was dissolved in water with the aid of a little dilute nitric acid and then the usual Volhard titration was carried out. This method was found exceedingly satisfactory and accurate recoveries could be obtained. Sodium was determined by the Butler and Tuthill modification of the Barber and Kolthoff method (10) after separation of potassium by precipitation as the chloroplatinate. Potassium in serum and tissues was determined by a modification of the chloroplatinate precipitation in which the chloride of the K2PtCl, was titrated by the Volhard technique. This method will be described in detail elsewhere. The nonprotein nitrogen of the whole blood was determined by Folin's Nesslerization method (10) . Tissue phosphorus and nitrogen were determined by the Fiske and Subbarow (11) and Kjeldahl methods respectively. The tissue fat was determined by extracting the tissues with alcohol-ether mixture, and after evaporation to dryness, re-extracting the residue with petroleum ether. The petroleum ether soluble residue was weighed.
EXPERIMENTAL RESULTS
The effect of the potassium content of the diet on the survival of adrendectomized rats The results of the present experiments agree with previous reports that a high intake of potassium accelerates the onset and aggravates the symptoms of adrenal insufficiency. Of the 19 adrenalectomized rats on Diet 2 (potassium content 0.7 per cent) all but one showed symptoms of adrenal insufficiency within 5 days after operation. On the other hand, of 64 animals on Diet 1 (potassium content 0.03 per cent) 29 (45 per cent) survived 10 days or more without showing symptoms; 14 (22 per cent) lived 15 days or longer without symptoms of adrenal insufficiency. When 8 of the 14 animals surviving more than 2 weeks were changed to a stock diet (Purina Dog Chow) which contains 0.6 per cent potassium and 1.5 per cent sodium chloride, all developed symptoms of adrenal insufficiency within 6 days.
The concentration of serum electrolytes As shown in Table I , rats in adrenal insufficiency show a constant but moderate reduction in t Two injections totalling 9 cc. t Three injections totalling 12 cc. concentrations of sodium and chloride in serum but no significant change in total water. The concentration of potassium in serum is moderately increased. The marked increase in nonprotein nitrogen is invariably found in rats exhibiting symptoms of adrenal insufficiency. The decreases in sodium and chloride are considerably less than those reported in adrenalectomized dogs (1, 12) and cats (13) , and human patients with Addison's disease (14, 15) . This explains the failure of Rubin and Krick (16) to find an increased urinary loss of sodium and chloride in adrenalectomized rats.
It should be recalled that the animals treated with extract received only water by mouth and no sodium chloride except the small amount contained in the cortical extract. Within 24 hours after a single injection of cortical extract, symptomatic recovery is obvious although the concen-tration of sodium and chloride in serum remains low. When cortical extract is given for 48 hours with only water by mouth, the concentrations of sodium and chloride approach the normal figure. This restoration of the concentration of sodium and chloride is explained by the loss of water and tissue with retention of these ions. With prolonged intensive treatment normal concentrations of potassium and nonprotein nitrogen are found.
Intraperitoneal administration of hypertonic solutions of sodium chloride and sodium bicarbonate restores to normal the concentrations of all the serum constituents studied.
The total electrolyte of muscle, liver and total animal In order to make the various figures comparable, the data in Table II of fat-free tissue. In each case the result given is the average for the number of animals indicated at the top of the column. When compared with the saline treated and the fasted, control animals, the total bodies of rats in insufficiency show a slight decrease in chloride and sodium but a definite increase in potassium. No consistent change in water is demonstrated. A decrease in chloride is not shown when compared with fed controls, but since animals in insufficiency refuse to eat, the fasted controls are probably a better standard of comparison. The animals treated with cortical extract show a persistence of the low concentration of chloride and sodium. However, the striking feature is restoration of potassium to practically normal figures in the groups treated with either cortical extract or saline. The rats treated with salt or extract are the only ones showing relative loss of water.
The findings in muscle are probably chiefly responsible for the changes in the animals as a whole, although similar changes cannot be excluded in any of the tissues not separately examined. In the muscle, the concentration of potassium is strikingly elevated in the animals showing adrenal insufficiency. In the adrenalectomized rats treated with either sodium chloride or cortical extract, the muscle potassium returns to normal. In the animals with adrenal insufficiency the concentrations of water and chloride in muscle are unaltered while that of sodium is definitely reduced. Moreover, in rats treated with cortical extract, the sodium and chloride are essentially the same as in the untreated ones.
The livers are quite different from the muscles in that no increase in potassium occurs in adrenal insufficiency. Apparently, the irregular values for sodium and chloride in the liver depend to a large extent on the amount of blood in the organs so that comparisons are probably not valid. The concentrations of protein and electrolyte in intracellular water Since the data in Table II do not separate the changes in the tissues as a whole from those within the cells, the data were calculated for Table III so as to show the concentrations of cell solutes per 1000 cc. of intracellular water. The method of calculation is that described by Harrison, Darrow and Yannet (17) based on the premise that the chloride, except for the red cells, is practically exclusively an extracellular ion and therefore the volume of extracellular fluid in the muscle can be estimated from the total amount of muscle chloride divided by the concentration of 
(3) (4) (5) (6) (7) (8) (9) t Three injections totalling 12 cc. chloride in extracellular fluid. In the liver, the analogous calculations are based on the sodium content of the tissue since, in rat livers, perhaps owing to the large amount of red cells included, the chloride values are higher than those of the sodium, indicating that there is an excess of chloride beyond that accounted for by the extracellular fluid. The concentration of protein of the cells is estimated by subtracting the nonprotein nitrogen from the total nitrogen and multiplying the resulting nitrogen by the conventional factor 6.25. This amount of protein may then be assumed to be present in intracellular water without gross error.
When the data are presented after these calculations (Table III) , the concentrations of potassium, phosphorus and protein in the intracellular water of normal muscle are found to be remarkably constant. In the fasting animals the concentration of protein in intracellular water is slightly higher than that of the fed controls. These findings suggest that, during starvation, the loss of water proceeds more rapidly from muscle cells than the loss of nitrogen, producing a concentration of cellular protein.
The outstanding finding in the muscle of rats with adrenal insufficiency is the invariably increased concentration of potassium in intracellular water. This increased concentration of base in intracellular water is all the more striking when it is recalled that the concentration of base in extracellular fluid is reduced in these animals. Furthermore, the increase of potassium within the cell is not associated with any change in the concentration of magnesium which is the other base found within the cells in considerable amounts. If the concentration of proteins within the cells can be used as a measure of cell dilution, it is seen that in 3 of the groups of animals with adrenal insufficiency no dilution of the muscle cells has occurred, whereas in 2 groups a definite shift of water from the extracellular to the intracellular phase is indicated by the decrease in concentration of protein.
All the animals treated either with cortical extract or with hypertonic saline solution show a reduction of the concentration of potassium in the water of muscle cells to the values found in the control animals. In the group sacrificed within 24 hours after a single injection of cortical extract, the concentration of protein in intracellular water of muscle is low, indicating that recovery may occur although dilution of the cell persists.
Column 7 of Table III shows the hypothetical concentrations of potassium which would obtain if the concentrations of intracellular protein were constant. For this purpose, the concentration of protein in the muscle cell water of the fasted control animals was taken to be the standard. This calculation eliminates the effects of changes in the amount of intracellular water on the concentration of potassium. Column 7 shows, therefore, the actual change in content of cellular potassium. The average " adjusted " concentrations of potassium in the intracellular water of muscle are practically identical in animals showing no symptoms of adrenal insufficiency, whereas in the muscle of animals in severe adrenal insufficiency, the concentration of potassium is increased about 14 per cent.
The concentrations of muscle phosphorus of the animals in adrenal insufficiency are slightly higher than those of the controls or the treated animals. However, the considerable scattering of the values does not permit much emphasis to be placed on these differences.
In the liver, the results are quite in contrast to those of the muscles. The concentrations of potassium, phosphorus and protein in intracellular water of liver are essentially the same in the animals showing symptoms of adrenal insufficiency and in the fasted controls. An incidental finding of some interest is the effect of starvation on the protein concentration in the liver cell. The fasted animals, whether adrenalectomized or fasted controls, show an increased concentration of protein in the water of the cell indicating a relative loss of water from the cell. The concentrations of protein in the liver cell of adrenalectomized animals treated with saline are comparable to those of the fed animals. The explanation is presumably the fact that return of appetite was used as one of the criteria of cure in the case of adrenalectomized rats treated by daily injections of saline. Hence, the animals treated with saline were not sacrificed until after they had resumed eating for at least one day. Whatever the effect of adrenal insufficiency on the livers, no change in concentration of potassium in the liver cell is found, although the normal concentration of potassium is slightly higher than that of muscle.
The effect of changes in concentration of sodium in extracellular water on intracellular hydration Having shown that in adrenal insufficiency the concentration of base in intracellular water of muscle increases while the concentration of base in extracellular water decreases, it seemed important to determine what effect the changes in the relative concentrations of extracellular and intracellular base have on the water content of the cell. Since the movement of water into the cells results in a lowered concentration of solids in the intracellular water, the concentration of solids in the intracellular water may be used as a measure of cellular hydration. The intracellular water of muscle tissue can be calculated as previously described, and the fat free solids of muscle tissue are assumed to be entirely intracellular. The previous experiments gave data showing a moderate variation in concentration of extracellular electrolyte but in order to increase the variations in adrenalectomized animals, depletion of extracellular electrolyte by the technique of Darrow and Yannet (18) was carried out on adrenalectomized rats. In order to produce deficit of extracellular electrolyte without adrenal insufficiency, the same procedure was carried out on normal rats.
In the two groups of normal rats, 10 cc. of 5 per cent glucose solution per 100 grams of body weight was injected into the peritoneal cavity. After an interval of 5 hours, a volume of ascitic fluid equal to that injected was removed from the peritoneal cavity. One group of animals was sacrificed immediately while the other group was sacrificed after 48 hours during which only water by mouth was given. These intact animals showed no obvious ill effects following the injection of the glucose solution and its subsequent removal.
Two groups of adrenalectomized rats showing early evidences of adrenal insufficiency were injected with 7.5 cc. of 5 per cent glucose solution per 100 grams of body weight. These animals rapidly went into collapse and at the end of 3 hours all were moribund. At this time, the peritoneal fluid was removed and the animals sacrificed.
Two other groups of adrenalectomized rats were similarly treated but at the time of the injection of the glucose solution, 5 cc. of cortical extract was also injected into each animal. This treatment protected the rats from prostration and death although they still manifested some symptoms of adrenal insufficiency. After 3 to 4 hours, the peritoneal fluid was removed. One group was sacrificed at this time while each rat of the other group received 3 cc. of cortical extract and was sacrificed 24 hours later. The blood and tissues were in all cases analyzed as in the previous experiments.
The correlation between the concentration of solids in intracellular water of muscle and the concentration of sodium in extracellular water is graphically shown in Figure 1 . Each point represents the pooled analysis of a group of 2 to 5 animals. Although there is considerable scattering, a definite relationship of the concentration of intracellular solids to the concentration of sodium in extracellular water is demonstrated. Control rats depleted of sodium. * Adrenalectomized rats depleted of sodium (moribund). Adrenalectomized rats depleted of sodium and protected with cortical extract.
In other words, as the concentration of sodium in extracellular water decreases, water diffuses into the cells in order to maintain osmotic equilibrium. The values for the intact, adrenalectomized and the treated adrenalectomized rats all fall along the same line indicating that the concentration of extracellular base is the determining factor for concentration of intracellular solids in both intact and adrenalectomized rats. Since the total body water of the rats represented in Figure 1 remained unchanged, the extent of the shift of water into the cells also measures the degree of depletion of the volume of extracellular fluid. The injection of adrenal cortical hormone does not affect the distribution of body water except through changes in concentration of sodium in extracellular fluid, since the untreated and the treated groups of adrenalectomized rats having the same depletion of sodium by intraperitoneal injection of glucose show the same degree of dilution of the cells, although the untreated group was moribund and the group treated with cortical hormone was protected from immediate death. Furthermore, the intact animals depleted of extracellular electrolyte show as marked dilution of the cells as the adrenalectomized rats, as is indicated by the similar reduction in concentration of intracellular solids. Nevertheless, this same degree of hydration of the cells is accompanied by no obvious symptoms in intact rats while in the adrenalectomized rats a moribund state is induced. These experiments show that the concentration of extracellular electrolyte is the chief factor controlling movement of water into and out of the cells and that changes in volume of either intracellular or extracellular fluid are not essential aspects of adrenal insufficiency in rats nor necessary factors explaining the curative effect of cortical extract. Furthermore, the increased concentration of intracellular base in muscle of rats in adrenal insufficiency plays no appreciable role in the movement of water through the muscle cell membrane.
DISCUSSION
In a series of papers Swingle and coworkers (19, 20, 21, 22) have offered evidence that, in dogs, adrenal insufficiency is associated with hemoconcentration and lowered plasma volume. These investigators suggest that the chief physiological disturbance is depletion of the volume of extracellular fluid owing to shift of water from extracellular spaces into the cells (8, 23) . Harrop (3) demonstrated that in adrenalectomized dogs in collapse the volume of extracellular fluids is actually diminished. The mechanism of the loss of extracellular volume was thought to be a shift of water from the extracellular to the intracellular compartments similar to that demonstrated by Darrow and Yannet (18) to be produced as the result of depletion of extracellular electrolyte by intraperitoneal glucose injection.
In the present experiments on rats, the movement of water into and out of the cell is found to depend chiefly on the concentration of base in the extracellular water. Since rats in adrenal insufficiency show only slight reduction of the 82 364 concentration of sodium in the extracellular water, little or no changes in water distribution are found. The therapeutic action of cortical hormone in the adrenalectomized rat may thus be entirely independent of any changes in the volume of intraor extracellular water. In contrast to rats, the greater reduction of concentration of sodium in the serum of dogs (1, 12) , cats (13) and humans (14) with adrenal insufficiency may bring about an appreciable increase of intracellular water and a considerable reduction in the volume of extracellular fluid.
Nevertheless, although changes in distribution of body water may occur in adrenal insufficiency in certain animals, evidence is accumulating that reduction of the volume of extracellular water does not play a deciding role in the genesis of the symptoms following adrenalectomy. Swingle, Parkins, Taylor and Hays (23) observed that adrenalectomized dogs improved rapidly when given large amounts of cortical extract even though no change in concentration of sodium in the serum was found. Conversely, an adrenalectomized dog was found to develop severe symptoms and signs of adrenal insufficiency following withdrawal of cortical extract, although because of anuria there was no appreciable reduction of the concentration of sodium in the serum (8) . Their hypothesis that adrenal cortical hormone controls the movement of water from the cells to the extracellular spaces independently of the concentration of sodium in the extracellular water is untenable. In the recovery experiments, if water left the cells to increase the volume of the extracellular fluids, an actual decrease of the sodium and chloride concentrations in the serum should have been found. Similarly, in the animal going into adrenal insufficiency while anuric, an incease of the concentration of serum sodium and chloride should have taken place if water entered the cells and thus reduced the volume of extracellular water. The assumption of Swingle, Parkins, Taylor and Hays (8) that sodium and chloride diffuse out of or into the cell together with water, thus maintaining the concentrations in the extracellular fluid unchanged, is not a likely one. Sodium and chloride have not been found within the tissue cells in sufficient quantities (24, 25, 26, 16) to permit such an assumption. When dogs are treated with cortical extract without sodium chloride, evidences of increase in plasma volume do not necessarily indicate an increase in the volume of extracellular fluid but rather a shift of extracellular fluid from interstitial spaces into the blood vessels. These changes might be secondary to improved circulation and vascular tone. The available data indicate that in other animals as in the rat, the action of adrenal cortical hormone is not primarily a regulation of the distribution of body water.
The present data support and amplify previous work indicating the importance of potassium in adrenal insufficiency. In adrenalectomized rats, the aggravation of symptoms and the acceleration of their onset by diets high in potassium confirms previous work in cats (6) , dogs (5) and patients with Addison's disease (7) . As in dogs and humans, a diet low in potassium protects adrenalectomized rats from adrenal insufficiency. Furthermore, adrenalectomized rats frequently show a high concentration of potassium in serum. The increased concentration of potassium in serum in adrenalectomized animals is apparently the result of changes in renal function since Harrop, Nicholson and Strauss (27) have shown that excretion of potassium is diminished in animals suffering from adrenal insufficiency and that recovery from adrenal insufficiency following the injection of cortical hormone is accompanied by the excretion of considerable quantities of potassium. Even in normal animals, injection of cortical hormone produces a transitory loss of potassium in the urine (28) . However, both the amount of potassium retained during development of adrenal insufficiency and the amount excreted during recovery are too large to be contained in the extracellular fluids. The suggestion of Zwemer and Truszkowski (29) that the increased concentration of potassium in the serum is brought about by increased diffusion of potassium from the cells is not supported by tissue analyses. Although these workers found that the concentration of potassium in the muscle of adrenalectomized cats was reduced, this finding is explained by the increase in muscle water and not by loss of potassium. If the potassium concentration is expressed per unit of solids, an appreciable increase in muscle potassium is demonstrated. Hegnauer and Robinson (30) also showed that the concentration of potassium in muscle is cer-tainly not reduced in adrenal insufficiency in cats and may be increased. In the rat and presumably in other animals, the retention of potassium after adrenalectomy can be accounted for by increased concentration in muscle cells as well as increased concentration in the extracellular fluid.
It is not possible to consider adrenal insufficiency as a special case of potassium intoxication owing entirely to increased concentration of potassium in extracellular water. In many examples of severe adrenal insufficiency the concentration of potassium in serum is only slightly elevated. In occasional cases of chronic nephritis in man (31, 32) and in experimental roentgenray nephritis (33) in dogs, the concentration of serum potassium may rise in the terminal stages to much higher levels than that seen in Addison's disease in crisis or in adrenalectomized dogs. Ingle, Nilson and Kendall (34) have demonstrated that cortical hormone prolongs the life and capacity for work of rats from which both the kidneys and adrenals have been removed. In such animals given cortical hormone, the concentration of potassium in serum may be higher than in animals dying of adrenal insufficiency. Furthermore, no regular correlation between the concentration of potassium in serum and the severity of the symptoms has been observed in adrenal insufficiency.
Since in the rats not subject to adrenal insufficiency the concentration of potassium in muscle cells is quite constant, the higher concentration in adrenal insufficiency may be assumed to indicate important and profound changes in the muscle cell. Although at present one cannot correlate increased concentration of muscle potassium with definite physiological functions, certain features of adrenal insufficiency point to disturbed function of the muscle. Rapid muscular fatigue is an outstanding phenomenon in all adrenalectomized animals (35, 36) as well as in patients with Addison's disease. Fenn and Cobb (37) have found that, normally, muscular activity is associated with changes in the content of potassium in muscle cells since muscles stimulated repeatedly lose potassium and, during the process of recovery, potassium diffuses back into the muscle cell. It will be important to determine whether, in adrenal insufficiency, the concentration of cell potassium is increased in cardiac and smooth muscle and in the kidneys, as these tissues as well as skeletal muscle show marked disturbances of function.
The excess of potassium in the muscle cells in adrenal insufficiency must be present in an almost entirely unionized or osmotically inactive form. Otherwise, it would be impossible for increased concentration of base in intracellular water to exist concomitantly with decreased concentration of base in extracellular water unless cell membranes were impermeable to water. That the membranes of muscle cells in adrenal insufficiency are as freely permeable to water as those of normal animals is demonstrated by the comparable dilution of cellular solids when the concentration of sodium in extracellular water is decreased. Since so little is known of the actual combinations of muscle potassium, the mechanism by which intracellular potassium becomes osmotically inactive cannot be discussed.
It has been conclusively demonstrated that administration of relatively large amounts of sodium salts may protect adrenalectomized animals for long periods (28, 39, 40) . In spite of the relatively slight decrease in concentration of sodium in serum in adrenalectomized rats, sodium salts have been found just as effective in prolonging life in adrenalectomized rats as in adrenalectomized dogs in which decrease in concentration of sodium is much greater. In the experiments reported above, hypertonic solutions of sodium chloride and sodium bicarbonate were given for 3 to 4 days. Improvement was never as rapid as following the injection of cortical hormone, but after 3 to 4 days apparent recovery occurred even when food was withheld. Presumably, following each injection, the slight deficit of sodium and chloride was replaced, but apparent recovery only occurred when large amounts of sodium chloride were given over a considerable period. On analysis the animals cured with sodium salts showed normal concentrations of potassium in the intracellular water of muscle as well as normal concentrations of sodium, chloride and potassium in extracellular fluids. Hence, one aspect of the curative effect of sodium salts may be facilitation of the release of potassium from muscle cells and the excretion of potassium in the urine.
The mechanism by which changes in the concentration of sodium in extracellular fluid may influence the concentration of potassium within the muscle cell is unknown. However, it has long been known that the effectiveness of adrenal cortical extract is enhanced by the simultaneous administration of sodium chloride. Moreover, reduction of the concentration of sodium in extracellular fluids reduces the effectiveness of the hormone. This fact was demonstrated in the experiments in which adrenalectomized rats were further depleted of sodium by intraperitoneal injection of glucose solution. It had previously been found that 5 cc. of cortical extract sufficed to produce a rapid cure of all symptoms in rats which had been allowed to progress to the terminal stages of insufficiency. However, in the adrenalectomized rats further depleted of sodium chloride, the same amount of extract merely protected the animals from prostration and immediate death since symptoms such as diarrhea and muscular weakness persisted and the blood nonprotein nitrogen remained elevated. Furthermore, muscle potassium was not restored to normal as was always the case with adrenalectomized rats not further depleted of sodium and chloride. Future work may show an interrelationship between the regulation of the concentration of potassium within the cell by the adrenal cortical hormone and the control of the concentration of sodium and other solutes in the extracellular water. SUMMARY By analysis of the tissues, the distribution of body water and electrolyte was studied in rats in the terminal stages of adrenal insufficiency and in rats cured of adrenal insufficiency.
Following adrenalectomy, rats show diminished concentrations of sodium and chloride in the serum and increased concentrations of potassium and nonprotein nitrogen. The changes in the concentrations of sodium and chloride are less marked in rats than in dogs, cats and man in adrenal insufficiency.
The acceleration of the onset of symptoms of adrenal insufficiency by a high intake of potassium previously found in dogs, cats and humans is confirmed in adrenalectomized rats.
The concentration of potassium in the muscle cells is constantly increased in rats showing marked symptoms of adrenal insufficiency, whereas in animals cured of adrenal insufficiency either by adrenal cortical extract or by a hypertonic solution of sodium chloride and sodium bicarbonate, the concentrations of potassium in the muscle cells are identical with those found in unoperated controls. No changes in the potassium content of the liver cells are found. These findings may be associated with the functional changes of muscle in adrenal insufficiency.
In rats with adrenal insufficiency, as well as control animals, the water content of the muscle cell is inversely related to the concentration of sodium in the extracellular water. The adrenal cortical hormone does not regulate the movement of water into and out of the cell except as it influences the concentration of sodium in the extracellular water. In the rat, the symptoms of adrenal insufficiency are not related to changes in the distribution of body water.
